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ABSTRACT

Pressure distributions on the wings of the F/A-18A High Alpha Research Vehicle (HARV) were
obtained using both flush-mounted pressure orifices and surface-mounted pressure tubing. During quasi-
stabilized 1-g flight, data were gathered at ranges for angle of attack from 5° to 70°, for angle of sideslip
from –12° to +12°, and for Mach from 0.23 to 0.64, at various engine settings, and with and without the
leading edge extension fence installed. Angle of attack strongly influenced the wing pressure distribution,
as demonstrated by a distinct flow separation pattern that occurred between the range from 15° to 30°.
Influence by the leading edge extension fence was evident on the inboard wing pressure distribution, but
little influence was seen on the outboard portion of the wing. Angle-of-sideslip influence on wing
pressure distribution was strongest at low angle of attack. Influence of Mach number was observed in the
regions of local supersonic flow, diminishing as angle of attack was increased. Engine throttle setting had
little influence on the wing pressure distribution.

INTRODUCTION

Aircraft designers would like to take better advantage of angle of attack and the way it influences the
flow about a wing. To help conduct these studies, NASA formed the High Alpha Technology Program
(HATP) to improve prediction techniques, provide design guidelines, and investigate new concepts for
vortex control on advanced, highly maneuverable aircraft at high angles of attack. The program consisted
of wind-tunnel tests of sub-scale and full-scale models and components, calibration for computational
fluid dynamics (CFD) codes (ref. 1), piloted simulations, and full-scale flight testing (ref. 2). The full-
scale flight test was performed using a modified F/A-18A High Alpha Research Vehicle (HARV), which
incorporated thrust-vectoring paddles that allowed sustained, stable flight at high angle of attack. The
basic airframe had remained unchanged, so an extensive flowfield and pressure survey study was
conducted. The study examined the effects of high angle of attack on the F/A-18A flowfield, and then
compared the results with a basic F/A-18A to verify the type of influences that angle of attack had on the
flowfield about the aircraft.

The aerodynamics of the F/A-18A HARV were qualitatively documented for the wings, forebody,
and leading edge extensions (LEXs) with the use of on-surface and off-surface flow visualization (refs. 3
and 4). Also, pressure data were quantitatively documented on the F/A-18A HARV to understand the
vortical flow and lift characteristics of the forebody and the LEX at high angles of attack (ref. 5). The
study of the F/A-18A wing configuration at high angle of attack was conducted to better understand the
aerodynamic flowfield contributed by the wings.

NOMENCLATURE

a local wing area, in2 

b total wing span, 37.42 ft

c local wing chord, in.

cl sectional coefficient of lift, C p lower( )
C p upper( )

–( ) x
c
--d∫ * αcos



cn sectional normal force, 

Cp static pressure coefficient, 

Cp* pressure coefficient corresponding to local speed of sound, 

FS fuselage station, in.

HARV High Alpha Research Vehicle

HATP High Alpha Technology Program

I.D. inner diameter

LEF leading-edge flap

LEX leading-edge extension

M∞ free-stream Mach number

p static pressure, lb/ft2

p∞ free-stream static pressure, lb/ft2

PCM pulse code modulation

free-stream dynamic pressure, lb/ft2

S total wing area, 400 ft2

TEF trailing-edge flap

x distance along wing chord from leading edge, in.

x/c dimensionless chord length measured from the leading edge

WLS wings level sideslip

WS wing station

y distance outboard from aircraft centerline, in.

Symbols

angle of attack, deg

angle of sideslip, deg 

leading-edge flap deflection, deg

trailing-edge flap deflection, deg

C p lower( )
C p upper( )

–( ) x
c
--d∫

p p∞–( )
q∞

---------------------

2

ϒM
2

∞

--------------

 
 
 
 
 

ϒ 1–( )M∞
2

2+

ϒ 1+
------------------------------------

 
 
 

3.5

 
 
 

1–

q∞

α

β

δLEF

δTEF
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semi-span fraction, 

specific heat ratio, 1.4

EXPERIMENT DESCRIPTION

The NASA F/A-18A HARV testbed is a thoroughly instrumented aircraft. The following section
provides a detailed description of the aircraft, experiment layout, and the conditions for the tests.

Vehicle Description

The NASA F/A-18A HARV (fig. 1), is a single-place aircraft built by McDonnell Douglas (St. Louis,
Missouri) and Northrop (Newbury Park, California) Corporations. The aircraft has twin vertical tails
canted out 20° from the vertical and differential all-moving horizontal stabilizers. The aircraft is powered
by two modified General Electric (Lynn, Massachusetts) F404-GE-400 afterburning turbofan engines.
The F/A-18A HARV flies in the fighter escort configuration without stores. The aircraft carries no
missiles, and the wingtip missile launch rails have been replaced with wingtip airdata booms. The
collective operation of the all-movable horizontal stabilators and the symmetric leading-edge flaps
(LEFs) and trailing-edge flaps (TEFs) provided pitch control. Kemple (ref. 6) provided a more detailed
description of the F/A-18A HARV.

The aircraft was modified by the addition of externally mounted thrust-vectoring paddles and a spin
chute canister. The operating schedule of the flaps was a function of angle of attack and Mach number
(M∞). For M∞ ≤ 0.76 and  ≥ 26°, the deflection of the LEF ( ) is down 33° (maximum), and the
deflection of the TEF ( ) is at 0°. The LEXs were mounted on each side of the fuselage from the
wing roots to just forward of the windscreen. Figure 2 shows an overview of the vehicle with the
experiment in place.

Wing Pressure System

Pressure measurements were made on both the upper and lower surfaces at selected wing stations.
These wing station locations correspond closely with orifice locations on the full-scale wind-tunnel
model tested in the NASA Ames Research Center 80- by 120-foot (ft) wind tunnel (ref. 7).

Upper and lower surfaces of the left and right wings were instrumented with three chordwise rows of
pressure orifices located at an inboard station of wing station (WS) 086 ( ), a middle station of
WS 129 ( ), and an outboard station of WS 191 ( ) (fig. 3). The table on the
following page shows the number of orifices in each row.

Figure 4 shows a cross-section profile of the F/A-18A wing at WS 086, WS 129, and WS 191. This
view displays the wing contours with the LEF, TEF, and aileron in both the undeflected and deflected
positions. Flush-mounted pressure taps (fig. 5) were installed internally in the LEF for all three wing
stations. At WS 086 and WS 129 (figs. 6 and 7), surface-mounted pressure tubing was used on the upper
and lower wing and the TEF. At WS 191, external pressure tubing was used only on the upper and lower
wing because of the confined space at the aileron hinge line. To prevent rapid change in the pressure
measurement from a step from the installation of the external pressure tubing, the sides of the tubing were

η 2y b⁄

ϒ

α δLEF
δTEF

η 0.383=
η 0.575= η 0.851=
3



faired (ref. 8). The nominal width of the fairing was 1.0 inch (in.) on the wing and 2.0 in. on the TEF. The
nominal height of the tubing was 0.125 in. Details about the wing pressure ports are shown in the
following table.

 Table. Wing station pressure orifice locations for both wings.

WS 086
Upper 
surface
(x/c)

WS 086
Lower 
surface
(x/c)

WS 129
Upper
surface
(x/c)

WS 129
Lower
surface
(x/c)

WS 191
Upper
surface
(x/c)

WS 191
Lower
surface
(x/c)

0.0000 0.0006 0.000 0.0006 0.000 0.100

0.0006 0.0019 0.0006 0.0017 0.025 0.240

0.0019 0.0038 0.0017 0.0029 0.050 0.300

0.0038 0.0055 0.0029 0.0043 0.100 0.400

0.0055 0.097 0.0043 0.100 0.125 0.500

0.024 0.219 0.025 0.218 0.150 0.600

0.049 0.300 0.050 0.300 0.200 0.622

0.073 0.400 0.075 0.400 0.250

0.097 0.500 0.100 0.500 0.300

0.122 0.600 0.125 0.600 0.400

0.146 0.692 0.150 0.714 0.450

0.250 0.800 0.250 0.800 0.500

0.300 0.900 0.300 0.900 0.550

0.350 0.350 0.600

0.400 0.400 0.650

0.450 0.450 0.662

0.500 0.500

0.550 0.550

0.600 0.600

0.650 0.650

0.750 0.750

0.800 0.800

0.850 0.850

0.900 0.900

0.950 0.950

0.993 0.992

1.000 1.000
4



Instrumentation and Data-Reduction Techniques

Each pressure orifice on the wings was connected to temperature-controlled electronic scanning
pressure transducers with pneumatic tubing. The pressure transducers were placed inside the wing as
shown in figure 3. The flush-mounted pressure taps on the LEF consisted of 0.050-in. inner diameter
(I.D.) stainless-steel tubing. The external flexible tubing aft of the leading-edge flaps had an I.D. of
0.046 in. The tubing length between the pressure port and the pressure transducers had a maximum length
of 11 ft at the wing trailing edge. The maximum pneumatic lag of the wing pressure system was
estimated to be 0.10 seconds (sec) for an altitude of 30,000 ft (ref. 9). 

Reference pressure for the transducers was supplied through 0.25- and 0.062-in. pneumatic tubing to
a reference pressure tank with an internal volume of 45 in3. The reference pressure tank was in a bay on
the side of the right inlet, vented through panel holes to the outside, and monitored by a high-resolution
absolute pressure transducer (ref. 10). The pressure transducers were scanned sequentially and then
recorded at 10 samples per second by a 12-bit pulse code modulation (PCM) data system. In-flight zero
differential pressure readings were taken before each test point and were used during postflight data
reduction to correct the data for calibration offsets. The differential range of the wing transducers was
±720 lb/ft2.

Figure 2 (refs. 4 and 11) shows the specially designed airdata probes. On the left wingtip, static
pressure and total pressure were measured using a swiveling probe installed 7.3 ft forward of the wingtip
leading edge. The swivel probe was designed with four vanes to align the probe head with the local
airstream. The swivel probe could align with the local airstream for angle of attack ranging from –10° to
+70° and angles of sideslip from –20° to +20°. Mach number, altitude, and dynamic pressure were
determined using data from the swivel probe on the left wingboom, and were calibrated for free-stream
conditions.

Aircraft angle of attack and sideslip were measured by using vanes on the right and left wingtip, and
the data were corrected for upwash and sidewash as well as boom bending. Sideslip was determined as
the average of the left and right wingboom vane measurements, while angle of attack was measured on
the left wingboom and validated on the right wingboom. From published data (ref. 11), angles of attack
and sideslip are estimated to be accurate to ±1.0° for angle of attack up to 70°. Mach is estimated to be
accurate to ±0.01 from 0° to 50° angle of attack. Above 50° angle of attack, the Mach accuracy would be
either the same or slightly less than the published values.

For the flow visualization flights, tufts were the primary instrumentation used on the right wing
(ref. 3). The data for the flow visualization were taken from still photos from the chase aircraft or from
onboard video taken from cameras mounted in the wingboom. Oil flow visualization was also performed,
but proved inconclusive in the results.

Flight Test Conditions

The data that showed the influence of angle of attack, sideslip, and the presence of the LEX fence on
the wing pressure distributions were obtained during quasi-stabilized 1-g flight and while performing
slow wings level sideslip (WLS) maneuvers. The range of angle of attack investigated was from 5° to
70°, and sideslip angles ranged from –12° to +12°. The altitude range was from 18,000 to 30,000 ft, and
5



the Mach-number range was from 0.23 to 0.64. These maneuvers were first flown without the LEX
fences and then were repeated with the LEX fences.

The data obtained for engine influence on the pressure distribution were gathered at 5° to 15° angle of
attack, 0° of sideslip, and target Mach numbers of 0.4 and 0.6. The engine effect data were taken with the
LEX fences. The left-hand engine was modulated to maintain the target Mach number while the right-
hand engine was put into one of four engine power settings for each of the test points. The engine settings
for the tests were off, idle, military, and 85 percent of afterburner power.

Data that show Mach number influence were taken at a Mach-number range of 0.24 to 0.64 at a
nominal altitude of 45,000 ft. The angle of attack varied from 20° to 35° with 0° of sideslip. Most of these
data were obtained during helix turns, wind-up turns, spiral dives, or during split-S maneuvers. For all of
these test points the LEX fences were removed.

DATA UNCERTAINTY

To validate the data in this report, an error analysis was performed. Bias error, precision error, and an
uncertainty error analysis were obtained to give an accurate account of how good the data in the report
were. The method used is outlined in reference 12.

The uncertainty in coefficient pressure ( ) is based on the worst-case errors in the measured
pressure on the wing,  and  The errors found in the measured pressure,  and  do
propagate into the uncertainty for the  calculation. The data used for this analysis were based on the
nominal flight conditions of  at an altitude of 27,000 ft for the whole angle-of-attack range.
The typical bias error in  is ±0.439 lb/ft2 and in  is ±0.089 lb/ft2; the worst typical measured
pressure error from the electronic scan pressure is ±1.789 lb/ft2. Calculating precision error and taking
into account the bias errors, then, following the equation for propagation error outlined in reference 12,
the 95 percent confidence interval for  is ±0.05.

RESULTS AND DISCUSSION

This section will discuss the results of the influence of angle of attack on wing pressure, influence of
the LEX fence on wing pressure, engine influences on the wing pressure, influences of sideslip on wing
pressure, and the influence of Mach number on wing pressure. Each section will state the conditions that
the data were gathered under.

Influences of Angle of Attack

The data presented in this section were taken during stabilized 1-g conditions on the F/A-18A HARV
without the LEX fence. During maneuvers that exceeded 30° angle of attack, altitude was not held
constant. Flow visualization data were obtained on the right wing using both still photography and
onboard video. The pressure data were obtained for both the right and left wing. Figure 8 shows summary
of the flow visualization results, figure 9 shows the still photos of the tufts, and figures 10 and 11 show
the wing pressure distribution results.
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Figure 8 shows the overall influence of angle of attack on the flow of the wings of the HARV. As
seen from the figure, the regions of separated flow grows gradually as angle of attack increases. At

 shown in figures 8(a) and 9(a), the flow on the wing is completely attached. At 
shown in figures 8(b) and 9(b), a small region of separated and disturbed flow can be seen from outboard
of WS 129 to just outboard of WS 191, although near the wingtip the flow is still attached. The disturbed
flow is where the flow on the wings is on the verge of separation, but is still attached. This attached flow
near the wingtip may be caused by wingtip vortices generated by the wingboom. At  shown in
figures 8(c) and 9(c), the separated flow region has grown significantly—stretching from the wingtip
inboard to WS 129. Figures 8(d), 8(e), and 8(f) show how the separated regions continue to grow as angle
of attack increases. At  shown in figure 8(f), the entire wing has separated flow.

Figures 10(a) through (c) show how well the right- and left-wing pressures agree with each other.
Such agreement is typical for the entire angle-of-attack range flown. To allow ease of comparison,
figure 11 shows only the right-wing pressures.

Figure 11(a) shows how angle of attack influences the pressure distribution at WS 086. The most
prominent are the leading-edge suction peaks that occur at  to 30°, with the largest peak
occurring at 25° angle of attack. These peaks primarily occur because of accelerated flow around the
leading edge. The next prominent feature of the pressure distribution occurs between x/c of 0.1 to 0.3. A
suction peak appears just aft of the LEF hinge line that develops at  and then decreases in
strength until disappearing at  The reason for this second pressure peak may relate to the
deflection of the LEF causing the flow to accelerate onto the wing (ref. 13). 

The pressure distribution on the lower surface of the wing starts near zero (0.0) at an angle of attack
of 5°, and then gradually increases along with angle of attack until 70°, where the pressure distribution is
near 1.0, or the maximum pressure coefficient for about 40 percent of the wing. This increase occurs
because the flow to the underside of the wing becomes more perpendicular to the surface as the angle of
attack increases. As flow on the wing becomes separated, the overall pressure becomes consistent with no
significant variations in the pressure curve.

Figure 11(b) shows how angle of attack influences the pressure distribution at WS 129. The pressure
distribution along this wing station shares many of the same characteristics seen at WS 086. The large
leading-edge suction peak is evident, though at 10° and 15° angle of attack with the largest peak at
15° angle of attack. The secondary pressure peak at WS 086 has not occurred at WS 129, but the other
characteristics of the wing pressure distribution are the same although at higher pressure levels when
compared with WS 086.

Figure 11(c) shows how angle of attack influences the pressure distribution at WS 191. The pressure
distribution along this wing station shares many of the same characteristics seen in both WS 086 and 129.
The large leading-edge suction peak is evident, though it occurs at 10° to 25° angle of attack, with the
largest peak occurring at 15° angle of attack. The secondary pressure peak at WS 086 but not strongly
evident at WS 129 does occur at WS 191. The secondary pressure peak occurs at an angle of attack of 5°
at x/c location of 0.25. The peak also occurs at an angle of attack of 10° at  indicating that the
secondary pressure peak moved forward. The other characteristics of the pressure distribution are similar
to WS 086 and WS 129, though at lower levels in comparison.

Figure 12 shows sectional normal force ( ) as a function of angle of attack. The method of
calculating the sectional normal force is outlined in reference 10. The pressure distributions were more

α 5°,= α 15°,=

α 20°,=

α 60°,=

α 10°=

α 25°,=
α 35°.=

x c⁄  of 0.2,

cn
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negative inboard than outboard, as seen in figure 11, resulting in higher section normal forces inboard.
WS 086 indicates a strong force at the higher angles of attack. WS 129 section normal force is
comparable with WS 086 at the lower angles of attack, but levels off as flow becomes separated on the
wing. This same trend is true for WS 191 as well, where the section force levels off as flow becomes
separated on the wing.

Figure 13 shows the sectional lift for all three wing stations. The section lift calculation is based on
coefficient pressure difference between the upper and lower wing, integrated along the chord as a
function of angle of attack. As seen in figure 13, the section lift values generated at WS 086 and WS 129
are much higher than that for the section lift at WS 191. The general trend is increasing sectional lift with
angle of attack up to where separation disrupts lift. For WS 191, sectional lift stops increasing at

 and begins decreasing at . For WS 129, sectional lift stops at  and begins to
decrease at  WS 86 indicates two distinct rises in the lift curve, possibly caused by the LEX
vortex, which is delaying the separation on the inboard portion of the wing.

Influences of the LEX Fence

The purpose of the LEX fence was to reduce the strength of the LEX vortex acting on the vertical tails
of the F/A-18A (ref. 14). For this section, the data were obtained with no sideslip, having the LEX fence
both installed and removed. Figure 14 ((a) and (b)) shows that the pressure distributions on the right and
left wing compare well. This agreement is typical for all of the test points flown. To allow ease of
comparison, only the right-wing results are shown in the following figures.

Figure 15 presents the wing pressure distributions for the inboard row, mid row, and outboard row,
respectively, at an  with  and  At WS 086, the upper surface wing
pressure distribution without the LEX fence indicates a slightly more negative pressure coefficient over
most of the chord when compared with the case with the LEX fence. At WS 129, the differences are
confined to the leading edge, while there are no significant differences seen at WS 191. For all three
rows, the lower surface pressure shows no differences as was expected. This finding remained true for all
cases presented in this section.

At  figure 16 presents wing pressure distributions at  and 
Compared with the data at  the trends are very much the same with the exception of WS 086.
With or without the LEX fence, little influence is seen on the suction peak that formed at 
possibly because of a strong LEX vortex.

At  figure 17 presents the wing pressure distributions with  and 
On the inboard row at WS 086, large differences are seen in the pressure distribution. The case with the
LEX fence has a smaller pressure peak at the leading edge when compared with the case without the LEX
fence. In addition, for the case without the LEX fence a second pressure peak is caused by the LEX
vortex right above the LEF (ref. 3). With the LEX fence a more gradual increase is seen in the pressure
coefficient. The other two rows show no influence between the two cases.

At  figure 18 shows the wing pressure distributions with  and  At
WS 086 on the LEF, the case without the LEX fence has a higher negative pressure coefficient when
compared with the case with the LEX fence; this is caused by the LEX fence weakening the LEX vortex

α 15°= α 30°= α 20°=
α 40°.=

α 20°= δLEF 27°= δTEF 8°.=

α 25°,= δLEF 33°= δTEF 1°.=
α 20°,=

x c⁄ 0.2,=

α 30°,= δLEF 33°= δTEF 0°.=

α 35°,= δLEF 33°= δTEF 0°.=
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and its impact on the inboard wing and the LEF. The other two rows show no influence between the two
cases.

At  figure 19 presents the wing pressure distributions with  and 
The case without the LEX fence indicates higher suction at all three wing stations, when compared with
the case with the LEX fence. This finding shows that without the LEX fence, the LEX vortex still
provides lift even though it has burst well forward of the wing (ref. 15). As expected, the effects occur at
WS 086, while no differences in pressure coefficient are at WS 191.

At  figure 20 presents wing pressure distributions with  and  A
comparison of the cases with and without the LEX fence shows good agreement, indicating that the LEX
fence has little influence at this angle of attack.

At  figure 21 presents the wing pressure distribution with  and  At
this condition, the wing is mostly separated (fig. 8(f)). As expected, the LEX fence influence on the wing
pressure distribution is minimal.

Engine Influences on Wing Pressures

The study of engine influences on wing pressure was performed to determine whether any correlation
exists between engine throttle settings and the amount of inlet spillage as well as the influence that inlet
spillage might have on wing pressure distributions. The effect of engine setting was investigated at two
Mach numbers with four different engine settings. The settings investigated were at engine off, idle,
maximum military setting, and 85 percent afterburner. The LEX fences were installed for these test
points.

Figure 22 shows that at  and  the only noticeable effect occurs at WS 086. When
the engine is off a slight reduction is seen in positive pressure coefficient at the leading edge on the lower
surface. At WS 129 and WS 191, there is good agreement of the wing pressure distribution at all engine
throttle settings. Only WS 086 and WS 129 has supersonic flow at the leading edge. Figure 23 shows that
at  and  the wing pressure distribution has good agreement at all wing stations at all
of the engine settings. The influence of the engine throttle setting is negligible on the wing pressure
distributions.

Influence of Sideslip

The data for the sideslip effects were obtained without the LEX fence. The conditions were with
  and the wings were level. The ailerons were positioned to keep the wings

level. To accomplish this, the ailerons were constantly changing position. To reflect this constant
movement, a table in the figures contains the maximum and minimum position of the ailerons for both
the right and left wing.

Sideslip effects at  are significant as seen in figures 24 to 26. The wing pressure distribution
in figure 24 for WS 086 indicates a large difference in pressure distribution between the left and right
leading edge. This difference may be accounted for by the flow direction as the maneuver was performed.
Aft of  the wing pressures for both the right and left wing indicate better agreement. Aft of

α 40°,= δLEF 33°= δTEF 0°.=

α 50°,= δLEF 33°= δTEF 0°.=

α 60°,= δLEF 33°= δTEF 0°.=

M∞ 0.4= α 11°,=

M∞ 0.6= α 5°,=

δLEF 33°,= δTEF 0°,=

α 30°=
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 the pressure distribution pattern becomes predictable. Windward flow on the right wing for
all three wing stations produces more negative pressure on the upper surface, when compared with
leeward flow. For the left wing, the same trend is evident. This trend shows that sideslip does have large
influence on the pressure distribution on both the upper and lower surfaces of the wing.

Figures 27 to 29 show that the sideslip effects at  decrease when compared with 
Figure 27 shows that at WS 086 a small sharp peak appears at the leading edge on the right wing during
maximum negative sideslip, but the left wing has a less-pronounced pressure peak at the leading edge.
Positive sideslip produces higher negative pressure on the right wing. In figure 28, WS 129 indicates
good agreement for the different sideslip cases with some variation in the pressure distribution. Figure 29
shows that at WS 191 at  little difference is seen in the pressure distribution at the various
sideslip angles, so the flow is completely separated at this point. The small pressure difference indicated
near the ailerons on the left wing may be caused by the change in the aileron position.

Figures 30 to 32 indicate that at  sideslip has almost no effect on the wing pressure
distribution except for the LEF at WS 086. Figure 30 shows that at WS 086, the maximum negative
sideslip produces higher negative pressure on the left LEF, while 0° of sideslip produces a high negative
pressure coefficient on the right LEF. Figures 31 and 32, respectively, show that on WS 129 and WS 191,
there is very little difference in the pressure distribution, so the flow is completely separated.

Mach Influences on Wing Pressure

Pressure distributions were obtained on the upper and lower wing surfaces at 1-g stabilized flight
except for  and  which was obtained during a wind-up turn maneuver. In
figures 33 to 36, chordwise pressure distributions at WS 086, 129, and 191 are presented for an angle-of-
attack range from 20° to 35°. In these figures, the Mach numbers are varied from 0.24 to 0.64. Also
shown in these figures is the value for sonic flow, Cp* (refs. 2 and 16) as marked by the dashed line.

Figure 33 shows the effect of Mach on the wing pressures at an  with  for
WS 086, 129, and 191. On WS 086 (figure 33(a)), there is a region of increased suction at Mach 0.64, as
compared with Mach 0.30, which begins at the upper LEF hinge line ( ) and diminishes near

 This region is the result of increased flow separation over the upper LEF hinge line. At the
wing leading edge, the negative pressure peak is much higher at 0.64 Mach as compared with 0.30 Mach.
Supersonic flow is noted at  on the upper LEF between  and just aft of
the upper LEF hinge line ( ).

Figure 33(b) displays some noticeable differences at WS 129 as compared with WS 0.86. At
Mach 0.64, a slight increase in suction originates on the upper surface at  and slowly
increases in magnitude up to  The region of increased suction at Mach 0.64 occurs farther
aft and is smaller in magnitude as compared with the distribution at WS 086. The Mach effects are not
known between  because of inactive pressure ports in the chord region at the time of
flight test. No noticeable pressure peak appears at the upper leading edge of WS 129 at Mach 0.30 as
compared with WS 086. This finding implies that the leading-edge flow separation that was believed to
exist at WS 086 and  (fig. 33(a)) does not exist at the corresponding Mach number for
WS 129 (fig. 33(b)). Supersonic flow occurs on the entire upper LEF ( ) at Mach 0.64.
At WS 129, a noticeable yet slight increase in pressure appears at the lower leading edge at Mach 0.64, as
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α 20°= δLEF 27°,=

x c 0.17≈⁄
x c 0.60.≈⁄

M∞ 0.64= 0.0006 x c 0.073<⁄<
0.25 x c 0.30<⁄<

x c⁄ 0.30,=
x c⁄ 0.65.=

0.60 x c 1.0<⁄<

M∞ 0.30=
0.00 x c 0.15<⁄<
10



compared with Mach 0.30. No other noticeable Mach effects were noticed on the lower wing surface at

Figure 33(c) shows wing pressure contours at WS 191. The pressure distribution at both Mach
numbers is similar in shape, with slightly greater suction on the upper surface at  The flow
at Mach 0.64 is supersonic over the entire LEF ( ). The supersonic region for WS 129,

 occupies a larger portion of the LEF as compared with WS 191 at 
( ). Also, a noticeable region of increased suction appears at Mach 0.30 over the LEF
region as compared with  which is common to WS 086 but absent at WS 129. One possible
explanation for the presence of separated flow at the leading edge of WS 086 and 191 is the geometric
discontinuities that exist upstream of WS 086 and 191. At WS 086, the LEX itself and the LEX fence act
as an upstream geometric discontinuity, which could possibly result in leading edge, separated flow and
thus a higher suction peak at  At WS 191, the air gap at the leading edge from the wing
hinge line also acts as an upstream geometric discontinuity and can conversely produce the higher suction
peak. Conversely, WS 129 does not have a geometric discontinuity in the near upstream vicinity, which
in turn would explain the absence of the increased suction peak at the leading edge.

Figure 34 shows how Mach influenced wing pressures at  at WS 086, 129, and 191. At
WS 086 (fig. 34(a)), the leading-edge suction peaks are similar to those at  (fig. 33(a)),
although the magnitude is slightly reduced. The suction peak is significantly more negative at

 than at  There is a rise in suction around  for both Mach numbers
just aft of the LEF hinge line. Slightly higher suction is seen for  (as compared with

) aft of the LEF line to the trailing edge. This finding is similar to the  case;
however, the difference is smaller and continues farther aft all the way to 

Figure 34(b) shows the pressure distribution at WS 129. At  the region of increased
suction, as compared with  on the upper surface originates farther aft ( ) as
compared with  ( ), and continues at a constant increase to  Between

 there is more suction at  as compared with  No noticeable
pressure peak is seen at the wing leading edge at either Mach number. As previously described for
figure 33(b), this too is most likely because of separated flow. The flow is supersonic over the same
upper surface x/c region at  and  as compared with  at WS 129. A
noticeable yet slight increase in pressure is seen at the lower leading edge at  for WS 129 as
compared with  for WS 129. No other noticeable Mach effects are noticed on the lower wing
surface at 

Figure 34(c) shows the pressure distribution at WS 191. The pressure distribution pattern is similar to
that for  at WS 191. The flow is supersonic over the same upper wing x/c region at 
and  as compared with  and  The supersonic region for WS 129 at

 occupies a smaller portion of the LEF, as compared with WS 191 at  The
pressure peak at the upper leading edge identified at  and  is substantially reduced
at  and  However, the argument that explains the presence of the suction peak at
WS 086 and 191 (  and ) with the absence of the pressure peak at WS 129 applies
here also (  and ).

As shown in figure 34 ( ), WS 086 is significantly affected by Mach whereas such effects are
noticeably less significant at WS 129 and 191. The overall Mach effects at all wing stations is noticeably
lower at  as compared with 
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Figure 35 shows the effects of Mach on wing pressures at  at WS 086, 129, and 191. As
shown in figure 35(a) ( ), Mach has little influence on the pressures aft of  The
Mach 0.26 upper surface suction region is noticeably higher than the Mach-0.60 distribution between

 A large pressure peak is still near the leading edge at  Supersonic flow
is noted for  between  and at 

The upper and lower surface pressure distributions at WS 129 (fig. 35(b)) are equivalent for
 and 0.60 except for the LEF. A slight increase is seen in suction on the upper LEF at
 between  as compared with  A slight increase is also seen in

pressure at the lower leading edge at  for WS 129 as compared with  for
WS 129. No other noticeable Mach effects is noticed on the lower wing surface at  The
supersonic region on the upper LEF at  and  occurs between 
The magnitude of the supersonic flow on the upper LEF is lower in magnitude at  for WS 129 as
compared with  for WS 086.

As shown in figure 35(c), no significant Mach effects at WS 191 are seen except for increased suction
at the leading edge for the  at  condition. Supersonic flow occurs only at the
leading edge of WS 191 for Mach 0.60.

As shown in figure 35, at  the leading edge region of WS 086 is significantly affected by
Mach whereas Mach only had a minor effects at WS 129 and 191. The overall Mach effects at all wing
stations are noticeably lower at  as compared with 

Figure 36 shows the effects of Mach on wing pressures at an  for WS 086, 129, and 191. As
shown in figure 36(a), a slight increase in suction is seen on the forward portion of the upper LEF
( ) for WS 086 at Mach 0.54.

The upper surface of WS 129 (fig. 36(b)) shows no significant Mach effects between Mach 0.54
and 0.24. A noticeable yet slight increase in pressure is seen at the lower leading edge at Mach 0.54 for
WS 129 as compared with Mach 0.24.

No other noticeable Mach effects are seen on the upper or lower wing surface at  in
figure 36. Supersonic flow is noticed on the upper LEF for WS 086 at Mach 0.54 between

 The flow in the rest of the wing was subsonic at all wing stations.

Upon review of figures 33 to 36, the upper surface wing areas occupied by supersonic flow appears to
move inboard as angle of attack increases from 20° to 35°.

As shown in figure 36, at  there is evidence of a minor Mach effect at the upper leading
edge region between  at WS 086. Mach effects on the rest of the wing surface are
minimal.

CONCLUDING REMARKS

Pressure distributions were obtained at three wing stations on the F/A-18A HARV. The data were
gathered at various angles of attack and sideslip, engine throttle settings, and Mach numbers, and with
and without a LEX fence installed. The angle-of-attack range was 5° to 70°, the angle-of-sideslip range

α 30°=
M∞ 0.60= x c⁄ 0.25.=

0.00 x c⁄ 0.10.< < M∞ 0.26.=
M∞ 0.64= 0.00 x c⁄ 0.024< < x c⁄ 0.25.=

M∞ 0.26=
M∞ 0.60= 0.00 x c⁄ 0.15< < M∞ 0.26.=

M∞ 0.60= M∞ 0.26=
α 30°.=

α 30°= M∞ 0.60= 0.00 x c⁄ 0.15.< <
α 30°=

α 30°=

M∞ 0.60= α 30°=

α 30°,=

α 30°= α 25°.=

α 35°,=

0.00 x c 0.10<⁄<

α 35°=

0.00 x c 0.15.<⁄<

α 35°,=
0.00 x c 0.10<⁄<
12



was from –12° to +12°, the Mach-number range was from 0.23 to 0.64, and the altitude range was 18,000
to 30,000 ft.

Angle of attack influenced the upper surface of the wings by changing the magnitude of the suction
peak at the leading edge and the separation pattern on the wing. Separation of flow on the upper surface
began at about 15° angle of attack. The area of upper surface separated flow increased with angle of
attack up to  On the lower surface, the pressure distribution increase in magnitude was
proportional to the increase in angle of attack.

The LEX fence influenced upper surface pressure distributions by changing the LEX vortex on the
inboard portion of the wing from an angle of attack from 30° to 40°, with a little influence at 60°.

Sideslip did affect wing pressure distribution, indicated by the increase in suction on the upper
surface of the wing during the sideslip maneuvers to the windward side. Angle of sideslip affected the
strength and placement of attached flow on the wing. Sideslip effects near the trailing edge of the wing at
WS 191 were obscured by aileron effects.

Influence of Mach number on the wing pressure distributions decreased as angle of attack increased
from  to 35°. The upper surface wing areas occupied by supersonic flow appeared to decrease in
magnitude and move inboard as angle of attack increased from 20° to 35°. The outer wing station
indicated the least influence by Mach number, while the inner wing station had the greatest influence by
Mach number.

Varying the engine throttle setting on the F/A-18A had minimal effect on wing pressure distribution.

Dryden Flight Research Center
National Aeronautics and Space Administration
Edwards, California, November 26, 1999
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Figure 1. NASA F/A-18A HARV.

Figure 2. Wing pressure experiment on the F/A-18A HARV.
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Figure 3. Location of wing pressure rows and pressure modules.

Figure 4. Wing profiles with flaps in deflected and undeflected positions.
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Figure 5. Flush-mounted pressure ports located on LEF.

Figure 6. Pressure row configuration, upper left wing, looking aft.
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Figure 7. Pressure row configuration, lower left wing, looking aft.
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(a) 

(b) 

Figure 9. Flow visualizations with tufts.
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9(c) 

Figure 9. Concluded.

(a) WS 086.

Figure 10. Wing pressure distribution with    

990496

Attached flow

Attached flow

Disturbed flow

Recirculating flow

Fully separated flow

Separated and reverse flow

WS 086

WS 129

WS 191

α 20°.=

990377

– 7

– 6

– 5

– 3

– 4

– 2

0

– 1

1

Cp

x/c
.8.6.4.20 1.0

Wing
Left
Right

α 10°,= β 0.0°,= δLEF 27°,= δTEF 8°.=
22



(b) WS 129.

(c) WS 191.

Figure 10. Concluded.

990378

– 7

– 6

– 5

– 3

– 4

– 2

0

– 1

1

Cp

x/c
.8.6.4.20 1.0

Wing
Left
Right

990379

– 7

– 6

– 5

– 3

– 4

– 2

0

– 1

1

Cp

x/c
.8.6.4.20 1.0

Wing
Left
Right
23



(a) WS 086.

(b) WS 129.

Figure 11. Wing pressure distributions.
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(c) WS 191.

Figure 11. Concluded.

(a) WS 086.

Figure 12. Sectional normal force ( ) as a function of angle of attack.
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(b) WS 129.

(c) WS 191.

Figure 12. Concluded.
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(a) WS 086.

(b) WS 129.

Figure 13. Section lift force as a function of angle of attack.
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(c) WS 191.

Figure 13. Concluded.

(a) Right wing.

Figure 14. LEX fence effects with     
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(b) Left wing.

Figure 14. Concluded.

(a) WS 086.

Figure 15. LEX fence effects with     
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(b) WS 129.

(c) WS 191.

Figure 15. Concluded.
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(a) WS 086.

(b) WS 129.

Figure 16. LEX fence effects with     
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(c) WS 191.

Figure 16. Concluded.

(a) WS 086.

Figure 17. LEX fence effects with     
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(b) WS 129.

(c) WS 191.

Figure 17. Concluded.
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(a) WS 086.

(b) WS 129.

Figure 18. LEX fence effects with     
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(c) WS 191.

Figure 18. Concluded.

(a) WS 086.

Figure 19. LEX fence effects with     
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(b) WS 129.

(c) WS 191.

Figure 19. Concluded.
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(a) WS 086.

(b) WS 129.

Figure 20. LEX fence effects with     
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(c) WS 191.

Figure 20. Concluded.

(a) WS 086.

Figure 21. LEX fence effects with     
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(b) WS 129.

(c) WS 191.

Figure 21. Concluded.
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(a) WS 086.

(b) WS 129.

Figure 22. Engine effects on right wing pressure distribution with   
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(c) WS 191.

Figure 22. Concluded.

(a) WS 086.

Figure 23. Engine effects on right wing pressure distribution with   
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(b) WS 129.

(c) WS 191.

Figure 23. Concluded.
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(a) Right wing.

(b) Left wing.

Figure 24. Engine effects of sideslip on pressure distribution at WS 086 with  
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(a) Right wing.

(b) Left wing.

Figure 25. Engine effects of sideslip on pressure distribution at WS 129 with  
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(a) Right wing.

(b) Left wing.

Figure 26. Engine effects of sideslip on pressure distribution at WS 191 with  
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(a) Right wing.

(b) Left wing.

Figure 27. Effects of sideslip on pressure distribution at WS 086 with   
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(a) Right wing.

(b) Left wing.

Figure 28. Effects of sideslip on pressure distribution at WS 129 with   
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(a) Right wing.

(b) Left wing.

Figure 29. Effects of sideslip on pressure distribution at WS 191 with   
 

990428

– 7

– 6

– 5

– 3

– 4

– 2

0

– 1

1

Cp

x/c
.8.6.4.20 1.0

Sideslip
angle,
deg 

Left wing
aileron position

4
0

– 4

– 7.4
– 9.8
– 1.5

4.2
– 6.8
– 8.2

– 4.2
5.3
6.4

6.5
7.7

12.7

Minimum,
deg

Maximum,
deg

Right wing
aileron position

Minimum,
deg

Maximum,
deg

990429

– 7

– 6

– 5

– 3

– 4

– 2

0

– 1

1

Cp

x/c
.8.6.4.20 1.0

Sideslip
angle,
deg 

Left wing
aileron position

4
0

– 4

– 7.4
– 9.8
– 1.5

4.2
– 6.8
– 8.2

– 4.2
5.3
6.4

6.5
7.7

12.7

Minimum,
deg

Maximum,
deg

Right wing
aileron position

Minimum,
deg

Maximum,
deg

α 45°,= β 0°,= M∞ 0.23,=
δLEF 33°,= δTEF 0°.=
48



(a) Right wing.

(b) Left wing.

Figure 30. Effects of sideslip on pressure distribution at WS 086 with   
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(a) Right wing.

(b) Left wing.

Figure 31. Effects of sideslip on pressure distribution at WS 129 with   
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(a) Right wing.

(b) Left wing.

Figure 32. Effects of sideslip on pressure distribution at WS 191 with   
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(a) WS 086.

(b) WS 129.

Figure 33. Effects of Mach number on pressure distribution with   
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(c) WS 191.

Figure 33. Concluded.

(a) WS 086.

Figure 34. Effects of Mach number on pressure distribution with   
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(b) WS 129.

(c) WS 191.

Figure 34. Concluded.
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(a) WS 086.

(b) WS 129.

Figure 35. Effects of Mach number on pressure distribution with   
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(c) WS 191.

Figure 35. Concluded.

(a) WS 086.

Figure 36. Effects of Mach number on pressure distribution with   
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(b) WS 129.

(c) WS 191.

Figure 36. Concluded.
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